Reddish cuprous oxide crystals can be readily formed by irradiating an aqueous alkaline Cu(II) solution containing suitable complexing agents with UV or sunlight in the presence of a photocatalyst such as TiO 2 or ZnO. Various factors, including the Cu(II) concentration, pH of the Cu(II) solution, amount of TiO 2 catalyst, method used to agitate the test suspension, concentration of potassium sodium tartarate, and intensity of UV radiation, affecting cuprous oxide preparations were investigated. Concentrations of Cu(II) and potassium sodium tartarate have no significant effect on reaction rates, while pH, and amount of TiO 2 , play important roles in the reaction. The dispersion of TiO 2 in Cu(II) solution is another important factor. Cu(II) reduction rate is not affected as far as the amount of reduced Cu(II) plotted against the cumulative intensity of UV radiation is concerned. It is necessary to stop the cuprous oxide formation before the complete reduction of Cu(II), since metallic copper is formed on cuprous oxide.
Introduction
Cuprous oxide is a versatile compound used in paint for ship hulls and, as a coloring agent for ceramic ware or glass, as well as a poisonous drug and catalyst. 1) This material is generally produced by (1) a reaction between metallic copper and cupric ion in an aqueous chloride solution, (2) the electrolysis of a copper anode in a chloride solution, (3) the reduction of cupric ions with hydrazine or sulfite salts, 2) (4) oxidation by the heating of metallic copper at 1000
• C in air, 2) and (5) the reaction of a pressed pellet of copper powder and cupric oxide at 1000
• C in an air-tight vessel.
2)
Judging from the potential-pH diagram of the solution system Cu-H 2 O, 3) the stable domain of Cu 2 O spreads over weak acidic to strong alkaline region. Therefore, it may be possible to produce cuprous oxide using a moderately reduced Cu(II) solution stabilized with a suitable complexing agent in the alkaline region.
In this connection, electroless plating is widely utilized to cover plastic surfaces with copper, various plating baths have been proposed. 4) With the method, Cu(II) complex solutions are chemically reduced by strong reducing agents.
We speculated that moderate reducing conditions may be obtained by applying a photocatalytic reaction to the Cu(II) solution instead of a strong reducing agent. In the present study, we found it is possible to prepare cuprous oxide by photocatalytic reduction in which a TiO 2 catalyst is applied to a Cu(II) solution containing a suitable complexing agent under irradiation with UV light. In this study, various factors affecting the reduction of Cu(II) were examined during the photocatalytic preparation of cuprous oxide. * 
Experimental Procedures

Test solution and photocatalyst
Catalyst TiO 2 powder was added to an aqueous solution containing 0.03 kmol·m −3 cupric sulfate, 0.13 kmol·m
potassium sodium tartarate, and 0.2 kmol·m −3 sodium hydroxide, to adjust the concentration of catalyst to 1 kg·m −3 . The solution was used as the standard test solution in the present study. The TiO 2 powder used in this study was a commercially available mixture of 70% anatase and 30% rutile, whose specific surface area was 47.6 m 2 ·g −1 , unless otherwise stated.
To examine the effects of various factors on the rate of reduction of Cu(II), the concentration of cupric sulfate, potassium sodium tartarate, and sodium hydroxide, and the amount of catalyst were changed.
To avoid side oxidation reactions due to the presence of a positive hole, some experiments were performed by adding formalin, methanol or sodium formate to the standard solution to 0.2 kmol·m −3 . The chemicals used were all of reagent grade.
Experimental procedures
Ninety milliliters of test solution and 0.09 g of TiO 2 ware placed in a glass reagent bottle of 100 cm 3 capacity and irradiated with 1-10, usually 10 of 20 W BLB type UV lamps, made by Toshiba, from the side of the bottle. The thus constructed reaction set was placed in an aluminum photo box as shown in Fig. 1 . Some experiments were performed under direct sunlight, instead of the UV lamps. The solution in the reagent bottle was agitated using a magnetic stirrer. Alternately, the effect of ultrasonic agitation was examined.
Sampling of the test solution was done at predetermined time intervals. After the removal of solid substances using a centrifugal separator, the cupric concentration in the solution was analyzed by atomic absorption spectrophotometry. Fur- thermore, TiO 2 and precipitate were dispersed in pure water and subjected to centrifugal separation at 500 rpm. After this operation has been repeated for 4 or 5 times, the precipitates formed could almost be completely separated from the TiO 2 powder. Dried precipitates were subjected to X-ray diffractometry and scanning electron microscopy (SEM) for product identification and shape observation, respectively. A meter, model UVR-1 made by Topcon, was used to determine the intensity of UV light. This meter was placed at the side of the reaction vessel located in front of the UV lamps. To measure solar irradiation, this meter was set at the top of the test solution.
Experimental Results and Discussion
Preliminary experiments
Prior to the systematic experiments on the photocatalytic reduction of Cu(II) using a TiO 2 catalyst, preliminary experiments were performed with a standard system. Even when TiO 2 catalyst was added to the test solution, no reduction occurred unless UV light was applied to the system. Also, no reaction occurred in response to UV light in the test solution without TiO 2 catalyst.
In contrast, the Cu(II) concentration decreased linearly with irradiation time as illustrated in Fig. 2 , when UV light was used to irradiate a standard solution containing TiO 2 catalyst. The precipitates produced by this reaction are reddish cube crystals, as shown in Fig. 3 . Figure 4 depicts the X-ray diffraction pattern of the precipitates produced, and clearly indicates that the product is cuprous oxide.
TiO 2 powders are typical n-type semiconductor, having the band gap of 3.2 eV for anatase and 3.0 eV for rutile. By irradiating UV light onto TiO 2 , excitation generates electrons as well as positive holes onto TiO 2 . Oxidation and reduction reactions proceed at the edge of the valence band and the conduction band of TiO 2 in an aqueous solution, respectively.
Cu(II) ions is adsorbed onto TiO 2 surface, and is reduced to Cu + with electron generated by UV irradiation excitation according to eq. (1). Redox potential of Cu 2+ /Cu + is given as E 0 = 0.153 V, 3) that of Cu(II)-tartarate complex may be larger than the redox potential for the conduction band of TiO 2 . Cu + thus formed is hydrolyzed in alkaline solution according to eq. (2) to produce Cu 2 O.
Instead of TiO 2 catalyst, commercially available ZnO, whose photocatalytic ability resembles that of TiO 2 , was used in the reductive reaction of Cu(II). A similar reaction occurred producing cuprous oxide.
Further irradiation with UV light after the Cu(II) concentration reached zero resulted in a change in color from red to black. The X-ray diffraction pattern of the product obtained under such conditions indicates the formation of metallic copper as well as cuprous oxide.
Effect of agitation method on reduction of Cu(II)
To elucidate the role of ultrasonic waves in the reduction of Cu(II), rates of the reaction on agitation with ultrasonic waves were determined and compared to those on agitation with a magnetic stirrer. In this connection, no Cu(II) reduction was confirmed under the ultrasonic agitation without UV light radiation. Therefore, it is concluded that ultrasonic agitation energy does not cause the reduction of Cu(II).
Experimental results are depicted in Fig. 5 . The reduction rate of Cu(II) in the test solution with a magnetic stirrer agi- tation was around 20 percent slower than that with ultrasonic agitation applied throughout the reduction. When a preliminary agitation was performed with ultrasonic waves, and the magnetic stirrer was then employed after UV irradiation, the rate of reduction was about 20 percent faster than that with the magnetic stirrer alone. From these observations, one can assume that a better dispersion of the TiO 2 catalyst can be achieved by ultrasonic agitation.
Effect of pH on reduction of Cu(II)
As shown in Fig. 2 Fig. 6(B) .
As is clear in this figure, the slopes of straight lines for higher Cu(II) concentrations were greatly improved, showing a value of 0.91 for 0.06 kmol·m −3 and 0.80 for 0.09 kmol·m −3 . If the reduction experiments are performed at a constant pH of 13.23 until the end of the reaction, a much better alignment of slopes is expected.
In this regard, photocatalytic reduction experiments were performed using standard test solutions whose NaOH concentrations were changed. Figure 7 shows the results. The reduction rate at pH 11.94 exhibits a slight decrease compared to that at pH 13.23 but both slopes take a linear relationship. But the rate of reduction at pH 11.12 and 9.86 decreases considerably as the reaction progresses, showing a large deviation from the linearity.
The results shown in Fig. 7 support the appropriateness of the experimental results given in Fig. 6 . Figure 8 shows SEM micrographs of precipitates obtained at different pHs. According to the increase in pH values, in other words the increase in the reaction rate, the growth of particles occurs. At pH 13.23, 1-2 µm cubic crystals are formed. It is interesting that smaller particles are produced at a lower pH range in connection with the control of particle size by adjusting pH range to a suitable level. Figure 9 indicates that the precipitates at different pHs are all cuprous oxide.
Effect of amount of TiO 2 catalyst on reduction of Cu(II)
Although the excitation of a photocatalyst by UV irradiation and the transfer of electrons occur extremely quickly, it is necessary to adsorb Cu(II) ions onto the TiO 2 surface to be reduced to Cu 2 O via the photocatalytic route.
Therefore, the amount of catalyst dispersed in the test solution is an important factor controlling the reaction rate. Figure 10 depicts the results of the experiment to examine the effect of TiO 2 amount on Cu(II) reduction. As is clear in this figure, the rate of reduction tends to increase with a rise in the amount of TiO 2 . Taking the rate determined with 1.0 kg·m −3 TiO 2 as standard, relative reduction rates with 0.5 and 2.0 kg·m −3 TiO 2 were 0.68 and 1.22, respectively.
Effect of concentration of potassium sodium tartarate on reduction of Cu(II)
Since the stable region of Cu 2 O spreads on the alkaline side, 3) it is necessary to stabilize Cu 2+ ions by using a suitable complexing agent, 5) such as potassium sodium tartarate, to avoid the precipitation of Cu(OH) 2 and to produce Cu 2 O by photocatalytic reduction. It is considered that the concentration of potassium sodium tartarate affects Cu(II) reduction and so the rate of reduction was measured by changing this concentration from 0.065 to 0.26 kmol·m −3 . Figure 11 shows the results obtained. In the concentration range studied, no significant effect was detected.
Effect of addition of reducing agents on reduction of
Cu(II) In order to prevent the recombination of positive holes and electrons generated by excitation of TiO 2 following irradiation with UV light, the effect of reducing agents on Cu(II) reduction was studied. It is considered that tartarate ions in the standard solution may bear this role. The reducing agents used were formalin, which is widely utilized in electroless copper plating, and methanol and sodium formate, both weak reducing agents. Figure 12 depicts the rate of Cu(II) reduction determined using these reducing agents, together with that in the absence of reducing agent. When formalin was used, the reduction reaction come to an end before 15 minutes retention, generating metallic copper instead of Cu 2 O. By contrast, no significant effect was observed with methanol and sodium formate, producing Cu 2 O. It is concluded that no reducing agent is required to produce Cu 2 O by photocatalytic reduction.
Effect of intensity of UV radiation on reduction of
Cu(II) The rate of reduction of Cu(II) was determined by changing the intensity of UV light in the range from 20 to 80 Wm −2 . Of course, the reduction was greatest when high-intensity UV radiation was applied. However, if we plot the amount of reduced Cu(II) against the cumulative intensity of UV radiation, all lines coincide, as demonstrated in Fig. 13 . This finding suggests that the amount of reduced Cu(II) is determined by UV amount, which is defined as the product of the intensity of UV light and radiation time.
Judging from the results shown in Fig. 13 , the reduction of Cu(II) by UV irradiation would coincide with that of solar radiation, when the Cu(II) concentration is plotted against the cumulative intensity of UV radiation.
As a next step, Cu(II) reduction experiments were performed under solar radiation. All other experimental conditions were as for the standard experiments. The results are shown in Fig. 14 .
In this figure, the data recorded as 'sun light' are those obtained in the experiments conducted at Toyama University using solar radiation for 2 hours from 11:00 a.m. As is shown in Fig. 14, the Cu(II) concentration decreases linearly with the cumulative intensity of UV radiation from sunlight, indicating that no difference exists in tendency to that with UV lamps.
However, it should be recognized that the rate of Cu(II) reduction determined on May 30th is fastest, at 1.6 times that for UV lamps, while the rate on September is 1.2 times faster. In any case, solar radiation was more effective than the UV lamps.
The intensity meter used in the present study is suitable for 310-400 nm, and the UV lamp employed releases UV waves of 300-400 nm. On the other hand, sunlight includes UV waves shorter than 300 nm, whose energy level is higher than that of long waves. It is also known that the intensity of short wave length irradiation is strongest around early summer. Considering all these factors, the results shown in Fig. 14 are reasonable.
The industrial preparation of Cu 2 O utilizing sunlight as a souse of UV is susceptible to the effects of weather or season, but attractive from an energy-saving point of view.
Conclusions
The photocatalytic preparation of Cu 2 O from an alkaline solution containing a Cu(II)-tartarate complex and TiO 2 powder catalyst was studied. The main results were as follows:
(1) Reddish crystals of Cu 2 O readily form after UV irradiation. However, excessive reduction of Cu 2 O causes the formation of metallic copper on Cu 2 O, making the surface black. Also the addition of a strong reducing agent, such as formalin, generates metallic copper instead of Cu 2 O.
(2) Photocatalytic reduction of Cu(II), producing Cu 2 O, accompanies the generation of H + ions, which inhibit the reduction reaction. In the presence of sufficient OH − ions, the Cu(II) concentration decreased linearly with irradiation time.
(3) No significant effect of potassium sodium tartarate concentration on Cu(II) reduction rate was observed within the concentration range studied. In contrast, NaOH concentration, and thus the pH of the Cu(II) solution, is important, the reduction rate tending to increase with the pH. The addition of weak reducing agents, such as methanol and sodium formate, has no significant effect on the preparation of Cu 2 O. In contrast, the addition of a strong reducing agent, such as formalin, should be avoided. The dispersion of TiO 2 catalyst powder into the Cu(II) solution is important to accelerate the rate of reduction.
(4) The cumulative intensity of UV light, which is defined as the product of light intensity and irradiation time, is an important parameter with which to compare Cu(II) reduction rates. It was observed that the reduction reaction progresses considerably faster under solar radiation than UV lamps, as explained by the inclusion of UV light of short wave lengths.
